Purpose: How fluid moves during the cardiac cycle within a syrinx may affect its development. We measured syrinx fluid velocities before and after craniovertebral decompression in a patient and simulated syrinx fluid velocities for different heart rates, syrinx sizes and cerebrospinal fluid (CSF) flow velocities in a model of syringomyelia. Materials and methods: With phase-contrast magnetic resonance we measured CSF and syrinx fluid velocities in a Chiari patient before and after craniovertebral decompression. With an idealized two-dimensional model of the subarachnoid space (SAS), cord and syrinx, we simulated fluid movement in the SAS and syrinx with the Navier-Stokes equations for different heart rates, inlet velocities and syrinx diameters. Results: In the patient, fluid oscillated in the syrinx at 200 to 210 cycles per minute before and after craniovertebral decompression. Velocities peaked at 3.6 and 2.0 cm per second respectively in the SAS and the syrinx before surgery and at 2.7 and 1.5 cm per second after surgery. In the model, syrinx velocity varied between 0.91 and 12.70 cm per second. Increasing CSF inlet velocities from 1.56 to 4.69 cm per second increased peak syrinx fluid velocities in the syrinx by 151% to 299% for the three cycle rates. Increasing cycle rates from 60 to 120 cpm increased peak syrinx velocities by 160% to 312% for the three inlet velocities. Peak velocities changed inconsistently with syrinx size. Conclusions: CSF velocity, heart rate and syrinx diameter affect syrinx fluid velocities, but not the frequency of syrinx fluid oscillation. Craniovertebral decompression decreases both CSF and syrinx fluid velocities.
Introduction
Fluid within syringomyelia cavities moves during the cardiac cycle. Dynamic magnetic resonance imaging (MRI) in a patient with Chiari I and syringomyelia showed cranial and caudal fluid jets in syrinx fluid related to the cardiac cycle. 1 Phase-contrast MR (PC MR) in patients with Chiari I and syringomyelia have shown a spatially and temporally complex pattern of fluid movement in the syrinx. 2 Craniovertebral decompression altered flow in a Chiari I patient both in the subarachnoid space (SAS) and in the syrinx, and decreased syrinx velocities by an order of magnitude. 3 In vitro flow experiments in physical models of syringomyelia have revealed pulsatile pressure and flow within the syrinx during cardiac cycles. 4 Computational studies have demonstrated syrinx fluid motion close to 1 cm per second initiated by pulse waves traveling along the spinal cord related to coughing, a velocity too small to generate sufficient force to lengthen a syrinx. 5 It was suggested that greater syrinx velocities may cause tearing of spinal cord tissue. The movement of syrinx fluid vis-a-vis cerebrospinal fluid (CSF) movement in the SAS has yet to be thoroughly evaluated.
The goal of this study was to determine the range of syrinx fluid velocities for a set of physiological conditions. We obtained MR flow images of the CSF and syrinx fluid in a patient with syringomyelia and compared SAS and syrinx fluid dynamics before and after craniovertebral decompression. We simulated syrinx fluid movement in a computational model to study syrinx and CSF velocities. In the model, we measured the effects of CSF velocity waveform, CSF velocity, heart rate and syrinx size on the movement of syrinx fluid.
Methods

In vivo fluid velocity measurements
This study was performed with the approval of the local institutional review board, which granted a waiver of consent for the retrospective use of imaging data acquired as part of the clinical evaluations for diagnosis of Chiari I malformation. The serial anatomical MR and PC-flow imaging data of a 14-year-old female with a Chiari I malformation and syringomyelia obtained between 2013 and 2014 were selected for retrospective review, which included time-points before and after craniovertebral decompression; serial imaging had demonstrated resolution of the patient's symptoms and syringomyelia following postsurgical decompression ( Figure 1) .
Imaging was performed on a 3 Tesla wide-bore MRI scanner (Discovery 750w; General Electric Healthcare, Waukesha, WI, USA) with an eight-channel head coil. Per guidelines of the University of Wisconsin School of Medicine and Public Health for spinal CSF-flow imaging, peripherally gated multilevel axial two-dimensional (2D) PC imaging was performed perpendicular to the long axis of the cervical spinal canal at the C1-C2, C2, C2-C3, C3, C3-C4, and C4-C5 spinal levels ( Multilevel axial PC-flow data were calculated with the CV Flow Analysis software package (General Electric Healthcare; Waukesha, WI, USA). At each cervical spinal level, axial CSF flow velocities were sampled with elliptical regions of interest (ROIs) drawn in 12 clock face sectors that subdivided the SAS around the cervical cord, with the 12 o'clock location being the anterior side. This segmentation was performed to account for topographic variations in CSF flow around the cord, to avoid including structures traversing the CSF space that might interfere with accurate measure of peak velocities (e.g. nerve rootlets, blood vessels, cord margins), and to avoid low-flow boundary phenomena around the margins of the SAS and cord. An additional ROI was also drawn within the center of the syrinx; for the syrinx flow measurements, the hand-drawn ROI covered the main part of the syrinx cavity and excluded the low-flow boundary regions of the syrinx. Velocities within each ROI were then extracted and normalized to their respective sampling areas, prior to being plotted over the cardiac cycle. To compare the MR results to the 2D model, we focused on one ROI at each horizontal level of the cervical spine, all at the 1 o'clock location in the cross-section of the SAS, and computed the weighted average of the velocity in these ROIs. 
Flow simulations
For flow simulations, we used a 2D computational model of the SAS, 6 cm in length and 1.8 cm in width (Figure 2 ), permitting flow measurements with greater spatial resolution (submillimeter all directions) and temporal resolution (millisecond) than in the PC MR images. Fluid in the model was assigned the properties of water at 37 C. Centrally in the spinal cord in the model we inserted a rectangle 6 cm in length and 1 cm in width to represent the spinal cord and assigned it linearly elastic properties of the spinal cord (Young's modulus of 16 kPa 6 and Poisson's ratio of 0.479. 7 We created two modifications of the model, one with an elliptical central water-filled space 4 cm in length and 2 mm in peak diameter and another with an elliptical space 4 cm in length and 6 mm in peak diameter.
At the outer boundaries of the CSF and syrinx fluid spaces, we applied no slip conditions. At the interfaces between the fluid and the tissue, we assumed continuity of stresses and velocities. The top and bottom of the cord were assumed to be fixed. We applied flow at one end of the SAS, designated the cranial end, by specifying a flow condition varying in time, while a zeropressure condition was applied to the outlet (caudal end). Flow in the caudal direction was assigned a positive sign and in the cranial direction a negative sign.
The different flow conditions applied at the cranial end included two waveforms, three flow velocities and three cycle rates, tested on all three models. The two waveforms were sinusoid and quasi-sinusoid. The quasi-sinusoidal wave was the spatial average of the flow measurement acquired at the foramen magnum with PC MR in the Chiari patient ( Figure 3 ), adjusted to have zero net flow over one cycle. This waveform displayed a period of 0.87 seconds, with 0.37 seconds of caudally directed flow and 0.50 seconds of cranially directed flow. Peak velocity was 3.13 cm per second in the caudal direction and 2.14 cm per second in the cranial direction. The sinusoidal waveform had a period of one second and an amplitude of 3.13 cm per second. To compare results from the two different waveforms, the period of the quasi-sinusoidal waveform was adjusted (by standard stretching) to one second. Moreover, to test the effect of cycle rates, we used the quasi-sinusoidal waveform. Three cycle rates were created by changing the period length of the inlet velocity wave to 60, 90 and 120 cycles per minute (cpm). Finally, for the different flow velocities, the peak caudal velocity at the inlet was set to 1.56, 3.13 and 4.69 cm per second.
The Navier-Stokes equations for an incompressible Newtonian fluid were used to simulate fluid flow in the SAS and in the syrinx for each of the conditions. The equations (Navier-Stokes and the dynamic linear elasticity equation) were solved simultaneously in a moving domain using the FEniCS 8 finite element software with methods previously described. 9 Simulations were performed over eight seconds to reach an oscillatory steady-state solution. Peak caudal and cranial velocities from the final cycle were tabulated for each model and boundary condition. CSF and syrinx fluid velocities through the cardiac cycle were displayed in color-coded images. Peak velocities were plotted over time in Paraview for the three models and the different boundary conditions. The velocity in the middle of the syrinx through a cycle was inspected to determine the frequency of the fluid oscillations within the syrinx.
Results
In vivo fluid velocity measurements
Sagittal images obtained prior to surgery in the patient showed a syrinx 7 mm in diameter that diminished in size at two months and disappeared at 10 months after craniovertebral decompression (Figure 1 ). The length of the syrinx did not change from the preoperative state to two months after surgery. In the preoperative study, peak weighted mean velocity (magnitude) was 3.6 cm per second in the SAS (caudal direction) and 2.0 cm second in the syrinx (cranial direction) (Figure 4 ). The heart rate was 73 beats per minute (bpm), and the fluid in the syrinx displayed close to three full oscillations per cardiac cycle, a cycle rate of approximately 210 cpm. Preoperatively, CSF flow in the SAS was synchronously bidirectional at some cardiac phases.
At two months postsurgery, peak weighted average velocities in the SAS were reduced to 2.7 cm per second (caudal direction) and in the syrinx to 1.5 cm per second (caudal direction) (Figure 4 ). The relative decrease in flow was 29% in the SAS and 25% in the syrinx. In general, fluid velocities throughout the SAS and syrinx were reduced postsurgery. The heart rate during the image acquisition postsurgery was 97 bpm, and the fluid in the syrinx postoperatively had close to two full oscillations per cardiac cycle, a cycle rate of approximately 200 cpm.
At the 10-month postoperative time point, the syrinx had essentially resolved. CSF flow throughout the cervical SAS remained in the range of the velocities measured at two months postoperation.
Flow simulations
Fluid velocities in the syrinx varied with location in the fluid space, time in the cycle, syrinx diameter, CSF inlet velocity, inlet waveform and cycle rate (Table 1) .
Spatially, velocities varied with distance from the edges of the fluid spaces. Velocities were greater in the central zones in the syrinx and SAS than at the borders. A detailed illustration of flow patterns of CSF and syrinx fluid throughout the cardiac cycle is given in Figure 5 . In this figure, the quasi-sinusoidal inlet waveform at 60 cpm with 3.13 cm per second inlet velocity amplitude was used in the model with the larger syrinx.
The effect of inlet waveform
With the sinusoidal waveform at 60 cpm and inlet velocity amplitude of 3.13 cm per second, syrinx fluid moved concurrently in the syrinx and SAS, but in opposite directions and with different magnitudes, reaching a peak of 0.29 cm per second in the middle of the 6 mm diameter syrinx compared to 3.4 cm per second in the central SAS ( Figure 6 ). Moreover, with the sinusoidal waveform, the oscillation rate within the syrinx equaled the cycle rate in the SAS (as in Figure 6 ) for all inlet velocities and all cycle rates. Changing the inlet velocity waveform from sinusoidal to quasi-sinusoidal (the waveform obtained in the Chiari I patient) increased the frequency and amplitude of the syrinx fluid oscillations (Figure 6 ). Peak syrinx fluid velocity occurred in the cranial direction, simultaneously with peak SAS velocity in the caudal direction. When the inlet velocity was quasi-sinusoidal, fluid in the syrinx had two, three or four oscillations per cycle in the SAS (Figure 6 ). The fluid in the syrinx oscillated with a frequency of about 240 cpm, independent of the cycle rate in the SAS. For example, when the cycle rate in the SAS was increased from 60 to 120 cpm, the number of oscillations in the syrinx per cycle in the SAS decreased from four to two. Syrinx fluid velocities were greater when the inlet velocity was quasisinusoidal than when it was sinusoidal. Peak SAS and syrinx velocity for varying inlet velocities, syrinx diameters and cycle rates are reported in Table 1 for the quasi-sinusoidal waveform.
The effect of velocity at the inlet
Peak syrinx velocity increased with increases in inlet velocity (from 1.56 to 3.13 and 4.69 cm per second) at all three cycle rates in both syringes (Table 1, Figure 7 ). The change in syrinx fluid velocity appeared linear with change in inlet velocity for each of the three cycle rates (Figure 7) , thus an increase in inlet velocity led to the same relative increase in syrinx velocity (i.e. a 50% increase in inlet velocity led to a 50% increase in syrinx velocity). Increasing CSF inlet velocities from 1.56 to 4.69 cm per second increased peak cyst fluid velocities for the three cycle rates in the 2 mm syrinx by 151% to 200% and in the 6 mm syrinx by 191% to 299%. A change in inlet velocity did not change the frequency of oscillations within the syrinx. SAS peak fluid velocities were greater in the caudal direction and peak syrinx fluid velocities greater in the cranial direction.
The effect of cycle rate
The effect of cycle rate on peak syrinx velocities was nonlinear. Syrinx velocities changed little with an increase of cycle rate from 60 to 90 cpm and increased by more than 100% with a further increase of cycle rate to 120 cpm (Figure 8 ). For example, with an inlet velocity of 4.69 cm per second, the peak syrinx velocity in the 6 mm syrinx decreased from 3.08 cm per second to 2.65 cm per second with an increase in cycle rate from 60 to 90 cpm. When the cycle rate was increased to 120 cpm, peak syrinx velocity increased to 12.70 cm per second. For the 2 mm syrinx an increase in cycle rate from 60 to 120 cpm increased peak syrinx velocities by 160% to 209% for the three cycle rates. Similarly, peak velocities in the 6 mm syrinx increased by 209% to 312% by an increase from 60 to 120 cpm ( Table 1) .
Effect of syrinx diameter
Syrinx diameter had little effect on observed peak syrinx velocities compared to the other parameters Figure 4 . Plot of cerebrospinal fluid (CSF) and syrinx fluid velocities over one cardiac cycle before and after surgery. Subarachnoid space (SAS) velocities are averaged along the cervical cord at the 1 o'clock location in the SAS. Preoperatively, the SAS has a peak of 3.6 cm per second in the caudal direction, and fluid in the syrinx has a peak velocity of 2.0 cm per second in the cranial direction. The CSF flow has a unimodal pattern, with one peak in the positive direction and one of smaller magnitude and greater duration in the negative direction. Flow in the syrinx fluid has a multimodal pattern with three peaks in each direction. Peak caudal flow in the CSF coincides with peak cranial flow in the syrinx. The heart rate was recorded as 73 beats per minute (bpm). Postoperatively, CSF flow had a peak of 2.7 cm per second in the caudal direction, a 29% reduction from the preoperative study. The fluid in the syrinx had a peak of 1.5 cm per second, also in the caudal direction, a 25% decrease from the preoperative study. The pulse was recorded at 97 bpm. Peak CSF velocity in the same locations in the SAS at 10 months after surgery remained stable at 2.4 cm per second in the caudal direction (no plot shown). Figure 6 . Plot of velocities centrally in the subarachnoid space (SAS) and the syrinx over two cycles (from six seconds to eight seconds in the simulation) for the sinusoidal inlet waveform (upper plot) and quasi-sinusoidal velocity waveform that was measured in a Chiari I patient (lower plot). The flow conditions for these plots were: inlet velocity 3.13 cm per second cycle rate 60 cycles per minute and 6 mm diameter syrinx (the same parameter setting as Figure 5 ). For the sinusoidal flow condition, fluid movement is unimodal both in the SAS and the cyst. For the quasi-sinusoidal velocity waveform, cerebrospinal fluid flow is unimodal and syrinx fluid flow is multimodal (four oscillations). Peak syrinx fluid velocities are greater in the cranial direction than in the caudal direction for quasi-sinusoidal inlet flow. The pattern corresponds well to in vivo measurements that show during systole (caudal SAS flow) flow in the syrinx is cranial. Later in the cycle, syrinx velocities diminish. investigated. Peak syrinx velocities over the three cycle rates and three inlet velocities averaged 4.5 cm per second for the 2 mm syrinx and 3.9 cm/sec for the 6 mm syrinx (Table 1) . Peak syrinx velocity decreased with increased syrinx size in eight of the nine test conditions ( Figure 9 , Table 1 ).
Discussion
Fluid in a spinal cord syrinx observed with PC MR or in a computational model displayed faster oscillations and sometimes greater velocities than in the CSF. In the patient, CSF and syrinx velocity decreased after craniovertebral decompression surgery. Similarly, in the model, changes in CSF velocities led to proportional changes in syrinx fluid velocities. Increasing cycle rates from 60 to 90 cpm had little effect on syrinx fluid velocities while increasing from 90 to 120 cpm increased syrinx velocities markedly. Fluid velocities tended to be slower in the larger syrinx. Peak syrinx fluid velocities, contrary to those in the SAS, tend to be greater in the cranial than in the caudal direction.
Our finding of oscillatory flow in syrinx cavities is consistent with in vivo observations of syrinx fluid flow reported previously. Honey et al., 1 using dynamic MRI, observed oscillatory flow of fluid in a syrinx, but reported no velocity measurements. Similar to our findings, Lichtor et al. 3 found syrinx fluid velocity of comparable magnitude to flow in the SAS before surgery, but saw a greater decrease in syrinx velocity after surgery. In contrast to these two studies, we found peak syrinx fluid velocity to occur in the cranial direction before surgery. The syringes studied in these two reports differed from those in our patient in location and size (both width and length) of the syrinx, which may explain some of this difference. Incoherent movement of syrinx fluid has been documented previously, 2 and variable syrinx fluid velocities have been observed depending on syrinx length. 10 We are not aware of additional experimental studies documenting fluid velocities in the syrinx and SAS simultaneously. In a computational model, Bertram has previously showed that pressure waves related to coughing can initiate rapid fluid movement up to 1 cm per second in the syrinx cavity. 5 In contrast, cord movement in our model was initiated by movement of CSF during the cardiac cycle, which under some conditions caused syrinx velocity to exceed the value found by Bertram. 5 Our model has limitations. It lacks the variations in cross-sectional area and longitudinal axis of the SAS, which characterize the human cervical SAS. Therefore the model lacks the acceleration of fluid velocities in the SAS that occurs in the upper cervical spine. 11 Modeling flow was limited to 2D because of the excessive computational times required for three-dimensional simulations. We did not change the velocity waveform with increases in cycle rate but retained the same proportion of systolic and diastolic flow phases, since the changes in waveform with increasing heart rate are not known. We assumed that stroke volume decreased proportionally with increasing heart rate, although not all investigators make this assumption. 12 Our assumption is reasonable if the cerebral blood flow is independent of heart rate, and the blood entering the brain pushes CSF caudally in accordance with the Monro-Kellie hypothesis. However, cerebral blood flow has been shown to increase with exercise and to decrease during heavier exercise. 13 If diastole shortens to a greater extent than systole with increasing heart rate, then our model may overestimate syrinx velocities at higher cycle rates.
Conclusions
Fluid in syrinx cavities moves during the cardiac cycle, affected by heart rate and CSF fluid velocity. Velocities in the cyst range over a wide range of values. The frequency of fluid oscillation in a syrinx does not vary with heart rate or CSF velocity.
